Background: Observational evidence suggests that improving fetal growth may improve adult health. Experimental evidence from nutritional supplementation trials undertaken amongst pregnant women in the less developed world does not show strong or consistent effects on adult disease risk and no trials from the more developed world have previously been reported.
Introduction
The nutritional "fetal origins" hypothesis holds that physiological adaptation to nutritional status during gestation has life-long consequences for health [1, 2] . Experimental animal models support the plausibility of this suggestion [3, 4] . Human evidence for the importance of fetal nutrition as an influence on adult health is based mainly on observational studies showing that smaller birth size (which may reflect poorer nutrition in utero) is associated with greater adult risk of cardiovascular and metabolic disease [5] [6] [7] . It is possible that this association is confounded by factors independently associated both with birth size, and with adult disease risk [8] .
The most reliable solution to this problem of confounding is random allocation of exposure status within an experimental design. If fetal nutrition does influence adult health it is unclear whether improving the nutritional status of pregnant women generally, or those showing evidence of under-nutrition, will benefit the adult health of their offspring [9] . A further issue in this regard is that over-nutrition during fetal life may lead to increased risk of some cancers [10] . A small number of followup studies of children whose mothers participated in trials of nutritional supplementation during pregnancy conducted in the less developed world have yielded inconclusive evidence in relation to effects on cardiovascular and metabolic outcomes and no evidence in relation to effects on cancer risk [11] [12] [13] [14] . We assessed a group of young adults whose mothers participated in a randomised controlled trial of nutritional supplementation during pregnancy [15, 16] . The primary outcome assessed in this trial was infant birth weight. Amongst mothers showing evidence of under-nutrition, supplements given in later pregnancy were effective in increasing offspring birth weight. We investigated the effect of supplementation on physiological markers of disease risk of young adult offspring of unselected mothers, and mothers with evidence of under-nutrition.
Subjects and Methods

Ethics Statement
All participants provided written informed consent. All study procedures were approved by South Birmingham Local Research Ethics Committee (LREC no. 0273).
Details of participants and procedures in the original unselected and selected trials of nutritional supplementation at the Sorrento maternity hospital in Birmingham have been published elsewhere [15] [16] [17] .Briefly, all South Asian mothers booking for maternity care prior to 20 weeks gestation between April 1979 and June 1980 were invited to participate. 153 mothers (see Figure S1 ) booking between April and October 1979 were randomised to receive one, of three, nutritional supplementation regimes between booking and delivery. Supplementation regimes were vitamins only (vitamin C 30mg and iron 3mg in 369 ml of flavoured carbonated water); carbohydrate and vitamins (as vitamins plus 1146KJ, the contemporary recommended extra daily allowance in pregnancy, of carbohydrate as glucose again in 369 ml of flavoured carbonated water) and protein, carbohydrate and vitamins (as carbohydrate and vitamins in 246 ml of flavoured carbonated water but with 11% of the energy, the contemporary recommended ratio, from protein in the form of chocolate flavoured skimmed milk powder).130 mothers booking between November 1979 and June 1980 were all given vitamins (Orovite 7: vitamin A 0.75mg, thiamine 1.4mg, riboflavin 1,7mg, pyridoxine 2.0mg, nicotinamide 18mg, ascorbic acid 60mg, calciferol 2.5 µg daily delivered in sachets for dissolving in water) and monitored till 28 weeks gestation. At this point, 45 mothers showing evidence of under-nutrition (on the basis of incremental triceps skin-fold measurements less than or equal to 20 µm per week) were again randomised to one of the three, supplementation regimes. In this trial those randomised to vitamins only continued to receive Orovite 7; those randomised to carbohydrate and vitamins received Orovite 7 plus 1810 KJ daily (additional allowance to allow for shorter period of supplementation) of carbohydrate in the form glucose syrup and those randomised to protein, carbohydrate and vitamins received Orovite 7 plus 1810 KJ daily 90% of energy as carbohydrate (glucose syrup) and 10% as protein (chocolate flavoured skimmed milk powder). Mothers showing no evidence of under-nutrition continued to receive vitamins. No placebo arm was included in the trials both for ethical reasons and reflecting concerns that a placebo controlled study might bias recruitment. Mothers recruited knew that they would at least receive vitamin supplements. The aim of the original trials was to evaluate the effects of protein and carbohydrate supplementation on birth weight and in this regard a comparison with vitamins only was appropriate.
Supplements were delivered in batches to the mothers' home at five week intervals. Blinding of mothers to their trial allocation group was not attempted. Empty containers from the previous delivery were collected to assess apparent consumption. Maternal compliance was also checked by study midwives and dieticians and monitored through blood biochemistry. Analysis was by intention to treat.
Personal identifier information for women who participated in the trial and their offspring were extracted from archived trial and maternity records. Individuals were then traced through the NHS central register.
All living offspring for whom contact details were available were sent a letter describing the study and inviting them to attend for a clinical assessment at the Wellcome Trust Clinical Research Facility at the Queen Elizabeth Hospital in Birmingham. Non-responders were sent reminder letters. Home-visits and telephone calls were used to confirm contact details and receipt of the study invitation. Results of maternal tracing and offspring follow up in clinic are summarised in a modified CONSORT diagram (see Figure S1 ).
Participants attended the clinic in a fasting state; a baseline blood sample was obtained prior to administration of a standard glucose tolerance test. Further blood samples were obtained at 30 and 120 minutes after the glucose load. Fasting blood samples were used to assess blood lipids, glucose, glycosylated haemoglobin, C peptide, testosterone and Sex Hormone Binding Globulin according to standard methods. Insulin and glucose were also estimated on the 30 and 120 minutes post glucose samples according to standard methods. Insulin resistance and beta cell sensitivity was estimated using the HOMA method [18] . Sex Hormone Binding Globulin and testosterone have been shown to be associated with insulin resistance [19] .
Insulin like growth factors IGF1 and IGFBP3, the levels of which have been associated with increased risk of some common cancers [20, 21] , were also measured on fasting samples according to standard methods.
Participants were fitted with a Spacelabs 90207 ambulatory blood pressure monitor that was collected after completion of 24 hours of measurement allowing estimation of mean systolic and diastolic blood pressure over the measurement period [22] .
Participants provided a 24 hour urine sample that was tested for steroid metabolites using gas chromatography/ mass spectroscopy. Urinary cortisol:cortisone (F/E) ratio was taken as a marker of 11 B-hydroxysteroid dehydrogenase 2 activity in the kidney (with increased ratios suggesting the impaired activity associated with failure to inactivate cortisol to cortisone associated with hypertension), tetrahydrocortisol + 5 allo tetrahydrocortisol: tetrahydrocortisone (THF + 5a -THF/ THE) ratio was taken to be a marker of 11 B-hydroxysteroid dehydrogenase 1(increased ratios suggesting the impaired activity associated with adiposity) [23] . Participants also underwent whole body dual-energy x-ray absorptiometry (DEXA) scanning to allow assessment of total body fat. Height and weight were assessed using standard methods and body mass index was calculated as weight in kilograms divided by height in metres squared. All clinic staff undertaking assessments were blind to initial trial allocation. Information on birth weight was taken from trial records.
Statistical methods
We investigated the primary null hypothesis that nutritional supplementation during pregnancy has no influence on disease risk in adulthood. We had no strong a priori basis to expect an effect of a particular size in relation to any of the disease risk markers measured with a particular supplementation regime. In the original Sorrento studies the strongest effect on birth weight was seen amongst offspring of mothers selected on the basis of their apparent under-nutrition who received protein, carbohydrate and vitamin supplements as described above. Mean values of infant birth weight and all adult outcome variables along with their standard errors were calculated according to original trial allocation and were compared using analysis of covariance amongst participants assessed as adults. Birth weight according to trial allocation was also examined amongst the larger group of participants successfully traced as adults. The original Sorrento studies were randomised therefore an unadjusted intention to treat analysis was appropriate. In the original studies a stronger effect on birth weight amongst under-nourished mothers was seen in a per protocol analysis excluding apparently non-compliant mothers [16] . We also repeated our analysis amongst offspring of mothers deemed to be nutritionally at risk excluding offspring of apparently non-compliant mothers. Around half of those eligible were successfully followed up in adulthood (see Figure  S1 ) and the potential confounding factors of age, sex and adult adiposity were not evenly distributed across intervention groups in the follow up sample. Accordingly we repeated analyses adjusting for age sex and adult adiposity.
Not all individuals assessed as adults had full information on all measures. To increase power and investigate the possibility that this might have led to bias we used multiple imputation of missing adult data using the ICE routine in Stata 10 [24] . All variables in the analysis were used in the imputation model. After imputation, analyses were carried out on 5 imputed data sets and the results combined appropriately using Rubin's Rules [25] . Adult analyses were then undertaken both on those with complete case information on the variables and on a dataset where missing values were imputed to allow comparison of the two. Where residuals from the analysis of covariance were significantly non-normal (Shapiro-Wilk p<0.05) bootstrap methods were invoked.
One participant in Trial I was excluded from the analyses as they had been measured on only one of the adult disease risk markers (BMI).
Anonymised study data are available on request from the corresponding author.
All analyses were performed using Stata 10 [26] . (table 1) . Mean age at assessment was 22.9 years (SD 0.9) and participants were healthy in terms of standard risk markers (table 1) .
Distribution of those assessed according to allocation in the original trial is given in table 2. Table 2 also shows offspring birth weight according to trial allocation in the original trial, amongst the traced cohort and amongst those assessed as adults. There is no strong evidence of differences in birth weight according to supplementation regime amongst offspring of unselected mothers (ANOVA F 2,62 =0.73, p=0.48) . Amongst children of under-nourished mothers those receiving proteinenergy supplements have higher birth weights however in the group of these children assessed as adults this difference is no longer apparent and any difference between groups is small and imprecisely estimated. Table 3 shows offspring cardiovascular and metabolic disease risk according to trial allocation amongst children assessed in clinic whose mothers received nutritional supplements from week 18 of gestation and were unselected on the basis of nutritional status. There is no consistent evidence of differences in risk status according to supplementation regime either before or after multiple imputation of missing values or adjustment for age, gender and adult adiposity. Fasting glucose is higher amongst offspring of mothers receiving protein energy supplements though this effect is only apparent in the unadjusted analysis and is in the opposite direction to effects on fasting insulin which is lowest amongst offspring of mothers receiving protein energy supplements (an effect most apparent after adjustment). Table 4 shows between group differences in risk factors amongst offspring of unselected mothers with the vitamins only group as the reference category. There is no strong evidence apparent of differences in individual risk factors between groups and no evidence of a pattern of lower risk in either of the energy supplementation groups compared to the vitamins only group. Table 5 shows offspring cardiovascular and metabolic disease risk according to trial allocation amongst children assessed in clinic whose mothers received nutritional supplements from week 28 of gestation on the basis of their showing evidence of under-nutrition. Again, there is no consistent evidence of differences in risk status according to supplementation regime either before or after multiple imputation of missing values or adjustment for age, gender and adult adiposity. Table 6 shows between group differences in risk factors amongst offspring of mothers selected on the basis of nutritional status with the vitamins only group as the reference category. As with offspring of unselected mothers there is no strong evidence apparent of differences in individual risk factors between groups and no evidence of a pattern of lower risk in either of the energy supplementation groups compared to the vitamins only group.
Discussion
Amongst young adult offspring of mothers randomised to receive one of three nutritional supplementation regimes during pregnancy either unselected or selected on the basis of evidence of their nutritional status we found no evidence that supplementation influenced adult risk markers of cardiovascular disease, diabetes or cancer. Amongst mothers with evidence of under-nutrition, protein-energy supplementation during the final pregnancy trimester was associated with increased birth weight but this increase was not associated with any strong or consistent change in any marker of adult disease risk measured. These risk markers included many of those found to be associated with birth size in observational studies such as blood pressure [27] , markers of glucose tolerance and insulin resistance [28] ; blood lipids and adiposity along with more novel markers of cardiovascular risk based on steroid hormones and possible markers of cancer risk based on insulin like growth factors. It has been suggested that adult effects of fetal nutrition may vary according to adult adiposity [29] . Adjustment for adult BMI and total body fat did not change our results.
Comparison with other evidence
Three other trials of the effectiveness of nutritional supplementation during pregnancy on perinatal and early childhood outcomes have now been extended to include later childhood or early adult follow up [11] [12] [13] [14] . These trials have all been undertaken in low or middle-income countries using different protein-energy supplements amongst mothers unselected in relation to nutritional status. Follow up of offspring of participants in these trials has found no evidence of effects on blood pressure or adiposity in adolescence or early adulthood [11] [12] [13] [14] . In one trial (which was non-randomised) there was evidence of a favourable effect on fasting insulin and insulin resistance as estimated using the HOMA model [14] . We did not find evidence of this effect. In another study weak evidence of a favourable effect on blood lipids (higher HDL cholesterol and lower triglycerides) was found [13] . Again we found no evidence of such an effect.
Many of the risk markers we assessed were not measured in these follow up studies so direct comparison is not possible. We chose measures that appeared to provide the most valid index of the risk parameter of interest in relation to all the elements and mechanisms of risk previously discussed in relation to the fetal origins hypothesis. Thus in addition to standard clinic assessments we used 24 hour ambulatory blood pressure measurement and we assessed body composition and adiposity through DEXA scanning in addition to standard measures of height and weight. Fetal corticosteroid exposure has been suggested as an alternative mechanism whereby smaller birth size could be associated with higher risk of later cardiovascular disease principally through an effect on hypertension or adiposity [30] . Because of this in addition to measures of blood pressure and adiposity we examined urinary markers of the aspects of steroid metabolism mediating these possible effects. Again we found no evidence of an association with nutritional supplementation. Because of evidence that fetal over-nutrition may increase later risk of breast cancer, childhood leukaemias and some other malignancies we felt it important to also consider risk markers of cancer in our study [20] . We found no association between supplementation and higher levels of insulin like growth factors. Other evidence suggests that higher infant milk protein intake is associated with lower levels of IGF1 in later life [31] [32] [33] . We found very weak evidence of lower IGF1 in offspring of unselected mothers receiving protein energy supplements and slightly stronger evidence of lower IGFBP3 in offspring of undernourished mothers who received these supplements. 
Strengths and limitations
The main strength of this study is its experimental design. Also, our study was undertaken in a high income setting with facilities for assessment of a wide range of risk markers using relatively sophisticated technologies. We also provided evidence in relation to the value of targeted supplementation based on nutritional assessment compared to universal supplementation. Finally this study provided evidence in relation to a supplementation intervention feasibly delivered within a health care system typical of high-income countries. The main limitation of this study is its small size and consequently limited power and precision. Sample size was set by the original Sorrento study and was further reduced by incomplete follow up. These considerations are particularly relevant to the second Sorrento trial amongst mothers selected on the basis of their evidence of under-nutrition. Considering the age of the study population and the fact that assessments involved a clinic visit, follow up rates of 50% amongst those with valid contact details were relatively high. Amongst individuals with incomplete assessment data we used multiple imputation of missing values which increased power and did not suggest any important bias in the complete case analysis. Our participants were all of South Asian ethnicity however observational evidence supporting the "fetal origins" hypothesis has also been reported from South Asian populations [34] . Given the disproportionate experience of cardiovascular and metabolic disease amongst South Asians and the apparent failure of conventional risk factors to fully explain this increase, it is arguably important to study novel risk factors in this population [35] . Nutritional supplements were delivered to unselected study mothers from the second pregnancy trimester and to mothers selected because of evidence of under-nutrition from the third pregnancy trimester. We were thus unable to investigate the possible influence of nutrition earlier in 2 p value for difference between groups adjusted for BMI, Dexa, age and gender (BMI or Dexa fat are omitted as covariates when they are the dependent) 3 p value has been derived by bootstrapping because residuals from ANOVA were not normally distributed (Shapiro-Wilk test found to be significant). 4 Imputation not required.
* Trial Group" refers to original experimental treatment allocation; **Standard error of the mean; ***Multiple imputation of missing values as described in text; ****Per protocol analysis excluding mothers with evidence for non-compliance as described in text doi: 10.1371/journal.pone.0083371.t003 pregnancy on offspring disease risk. In two of the other follow up studies discussed above supplements were delivered to pregnant women identified on the basis of missed menstruation thus supplementation typically started in the first trimester [12] [13] [14] . In the other trial, supplementation commenced in the second trimester [11] . It has been suggested that it is the rapid postnatal "catch -up" growth of the growth retarded fetus rather than fetal growth retardation per se that is the important influence on adult disease risk [36] . As we had no information on growth in the first year of life we could not examine this hypothesis. Follow up amongst adult offspring was only 50% and it is possible that individuals who were assessed as adults were different from those who were not, in terms of characteristics also associated with disease risk such as social position. We had no individual level measures of adult social position available on non-responders to allow us to investigate this question. The fact that individuals who were assessed as adults were relatively healthy (table 1) may have reflected the fact that they were also relatively socially advantaged however any selection bias associated with this is unlikely to have distorted associations between trial allocation and adult disease risk markers [37] .
Conclusions and implications
We found no evidence that, irrespective of other benefits it may have, improving the nutritional status of pregnant women is likely to have substantial long term effects on offspring risk of cardiovascular disease or diabetes. We also found no evidence of any substantial adverse effects on increased cancer risk. It is important to note that we lacked power to detect small effects in relation to these outcomes. Within this caveat our study suggests that rather than expanding public health policy around cardiovascular prevention to include fetal nutrition preventive policy should continue to be focused on the established adult behavioural and physiological risk factors hypertension, dyslipidaemia, diabetes, obesity, lack of exercise and smoking alongside the social disadvantage that reinforces adverse risk profiles in these. 3 Imputation not required. 4 p value has been derived by bootstrapping because residuals from ANOVA were not normally distributed (Shapiro-Wilk test found to be significant). 
